We show that the reheating temperature of a matter-domination era in the early universe can be pushed down to the neutrino decoupling temperature at around 2 MeV if the reheating takes place through non-hadronic decays of the dominant matter and neutrino-antineutrino asymmetries are still large enough, |L| O(10 −2 ) (depending on the neutrino flavor) at the end of reheating.
INTRODUCTION
Conventional wisdom assumes that the Universe was dominated by radiation soon after primordial inflation ended, until up the recent epoch of matter-radiation equality at an eV scale background temperature. However, in many well-motivated high energy theories, longliving particles are present, which can dominate the energy balance of the Universe for a while and decay at very late time. Even the inflaton, responsible for ending primordial inflation, can act as such a particle. A matter-domination era arising due to the existence of a long-living non-relativistic particle is constrained by BigBang Nucleosynthesis (BBN) whose success requires the Universe to be dominated by a radiation composed of mostly standard model particles at its onset. As a result, in principle, the reheating temperature (the temperature at the end of the last matter-domination era before BBN) could be pushed down to 1 MeV scale.
Meanwhile, there have been a series of studies about the impact of a low reheating scenario on the properties of neutrinos in the early universe with the standard radiation background (see, for example, [1] [2] [3] ). One of the key results in these studies is that the abundance of neutrinos is significantly suppressed as T R is pushed down to 1 MeV scale. The reduction of the neutrino abundances around the epoch of BBN significantly affects the synthesis of light elements (especially the abundance of 4 He), and is constrained by the cosmic microwave background (CMB) data [4] in terms of N eff , the number of relativistic degrees of freedom. Hence the reheating temperature turns out to be more constrained than the naive expectation and gets pushed to T R 5 MeV [1] [20] . This bound may look robust, since, even if some exotic extra radiation component may be introduced, making CMB constraint irrelevant, it would affect BBN in the wrong direction. However, a sizable amount of lepton number asymmetries in neutrino background may relax the bound, since there are now two independent parameters ∆N eff (the extra radiation contribution from the asymmetries of three neutrino mass-eigenstates [21] ) and ξ e (the degeneracy parameter of electron-neutrino) to play with in order to bypass both BBN and CMB constraints.
In this paper, we show that the reheating temperature can be pushed down to the neutrinos' decoupling temperature at around 2 MeV if the neutrino-antineutrino asymmetries are large enough, where large means, |L αα | O(10 −2 ) (α = e, µ, τ ) at the end of reheating. This paper is organized as follows. At first, the equations of motion for relevant fluid contents (including neutrinos) are presented and discussed. Then, the results of the numerical analysis are shown. Finally, conclusions are drawn.
EVOLUTION EQUATIONS IN A LOW REHEATING SCENARIO
As the focus of our analysis is a matter-domination era ending around the epoch of BBN, we consider the fluid contents to be made of a non-relativistic matter particle species (denoted as φ), electromagnetic plasma (γ, e ± , µ ± ), and three neutrino/antineutrino flavors. In this case, the expansion rate is given by
where ρ φ is the energy density of φ, and ρ r is the radiation energy density associated to all the relativistic particles present. For φ, the evolution equation is given bẏ
where the over-dot '˙' represents the time-derivative, and Γ φ is the decay rate of φ. Following Refs. [1, 3] , we assume that φ decays to light relativistic particles other than neutrinos without hadronic channels. The thermal radiation background is characterized by the photon temperature T γ . As neutrino decoupling normally takes place around the epoch of BBN, it should be handled appropriately. In order to do that the safest way is to use the evolution equation of T γ deduced from the continuity equation of the total energy density of the universe [1, 3] . Numerically, this approach is a very precise way of tracking T γ , provided that the evolution of the neutrino energy density is properly calculated at any time. The subtlety here is that the decoupling of neutrinos depends on the momentum of the different modes and flavor mixing even complicates things further. In summary, the presence of the energy injection from the decay of the dominating matter particle together with the mode-dependent mixing and the need to track the neutrino decoupling leaves only the numerical approach as the proper way to attack the issue at hand. However, if all the modes decouple nearly simultaneously, the aforementioned complications can be avoided. As will be discussed later, this phenomenon of simultaneous decoupling, is naturally expected when large neutrinoantineutrino asymmetries are present. In such a case, the evolution of the radiation density ρ r can be handled in the standard way which will be explained below.
In the presence of an energy injection from the decay of φ, the evolution equation of the radiation background isρ
We define T i and T R to be the temperatures at the beginning and end of the matter-domination era, respectively. At the early stage of matter domination, the fractional energy injection to the radiation density in the decays of φ particles is still small. However, as time goes on, at a temperature T * the energy injection starts being the dominant source of the radiation density. Hence, ρ r evolves as
for T T * , and,
for T R T T * where T * is given by
Our definition of the reheating temperature T R corresponds to
which gives
This definition of the reheating temperature differs from the more conventional one appearing in Ref. [1] where Γ φ = 3H(T R ) was used, but the resulting reheating temperature in our definition is larger only by a factor 6/5 1.1 which does not cause any sizable mismatch in comparison to the earlier works. If all the neutrinos were decoupled from the electromagnetic thermal plasma at temperatures T * < T < T i , they would evolve independently with negligible energy gain from the decay of φ. However, for T R ∼ O(1) MeV which is the focal point of our analysis, the decoupling is expected to take place for T T * unless T i is very close to T R . We therefore assume that all neutrino modes decouple simultaneously from thermal bath at a temperature denoted as T dec (< T * ). This assumption will be justified later. It is imporatnt to notice that after neutrino decoupling, ρ r in Eq. (5) contains γ and e ± exclusively. In the early universe, the transformations of the different neutrino flavors can be described by the evolution of neutrino/anti-neutrino 3 × 3 density matrices ρ andρ. For a mode of momentum p, when the universe is dominated by radiation, the evolution equations are given by [6, 7] 
In the above equations,
where M 2 is the mass-square matrix of neutrinos in the flavor-basis, G F the Fermi constant, m W the mass of W -boson, E = diag(E ee , E µµ , 0) the energy density of charged leptons, ρ = (1/2π
2 )
∞ 0 ρ p p 2 dp (and similarly forρ), and C[. . . ] is the collision term. For the masssquare matrix M 2 , we consider normal hierarchy with masses and mixing angles for the neutrinos given by [8, 9] 
and
where θ ij are the mixing angles in the Pontecorvo-MakiNakagawa-Sakata (PMNS) mixing matrix [10, 11] whose CP-violating phase is set to zero [22] . Also, we take for simplicity
In a matter-dominated universe, Eqs. (9) and (10) need to be modified. At first, we consider the case of T R ≥ T dec . In this case, the temperature of the neutrinos is the same as the photon temperature until the epoch of e + -e − annihilation at T ∼ 0.1 MeV. So, in terms of temperature and momentum dependences, Eq. (11) and the damping term can be used without modification for T T dec . However, the self-interaction contained in Eqs. (9) and (10) is different from the one used in a radiation-dominated universe and such a modification has to be incorporated to our analysis. Since ρ −ρ is simply given by ∆n, i.e., the difference in the number densities of neutrinos and antineutrinos, and there are no lepton number violation interactions present at low energies, it should scale as (∆n) αβ ∝ a −3 since the time its was generated at high enough energy. On the other hand, the photon number density behaves as n γ ∝ T 3 ∝ a −9/8 as matter-domination becomes close to its end. Hence, one finds
where the g * (T ) dependence has been ignored. Well before the commencement of neutrino oscillations, each neutrino flavor is expected to be in thermal equilibrium, i.e., its distribution function in the massless limit amounts to
where µ is the chemical potential. Hence, in the flavor basis of {ν e , ν µ , ν τ }, when neutrino interactions with the thermal background are still frequent as it is the case in the very early universe, the initial configuration of ρ −ρ can be expressed as
where
with ξ α ≡ µ α /T being the degeneracy parameter of ν α for T > T i O(10) MeV. Now, we can evaluate the relative size of the different contributions driving the neutrino evolution: the vacuum potential (sourced by the neutrino mixing), the one arising from the charged thermal background, the collision terms in Eqs. (9) and (10) for the averaged momentum mode, and the expansion rate to the neutrino self-interaction potential (i.e., the terms proportional to ρ −ρ in Eqs. (9) and (10)). Such a comparison is shown in Fig. 1 where
with ∆n ν being a typical value of (∆n) αβ obtained from Eqs. (15) and (18) . From the comparison of H MD,RD Ralative size
Relative size of the potentials Vvac, V ± , the momentum-averaged collisional damping D col , and the expansion rate H with respect to the self-potential Vν for ξ = 0.01. Matter-domination is assumed to start at a temperature Ti = 150 MeV. The reheating temperature was set to be TR = 2 MeV. 'atm' and 'sol' identify the contributions arising from mass-square differences associated to atmospheric and solar neutrino oscillations respectively. 'MD' and 'RD' stand respectively for cases of matter-and radiation-domination. For D col , we consider the terms associated to νµ,τ exclusively to stay on the most conservative side.
and D col in the figure, it is clear that the kinetic decoupling of a typical neutrino mode is expected to take place at T dec = 1 − 2 MeV as long as T R 2 MeV. Therefore the situation is identical to that of a radiation-dominated universe. At the same time, from the solid redline (lefttop) in the figure, it is clear that as long as |ξ α | 10 −2 at T i = 150 MeV, the self-interaction term always dominates over the vacuum potential of neutrinos at least until T T dec . This implies that, if a lepton number asymmetry on the neutrino background was generated, for example, during the first radiation-dominated era, before the matter-domination epoch we are considering, for T T dec the self-interaction potential would dictate the evolution of the neutrino energy density as it contribution vastly dominates over the other contributions to the neutrino energy as long as
where L i α and L f α are the initial asymmetries and the ones at the neutrino decoupling, respectively. Interestingly, it has been found that, if the self-interaction potential is large enough relative to the vacuum potential, i.e.,
all neutrino modes are synchronized to the momentumaveraged mode and behave like a single compound system in its evolution which is basically dictated by neutrino flavor-mixings [14] [15] [16] . Hence, conservatively speaking, for κ O(10) (i.e., |L α | O(10 −2 ) around the epoch of decoupling), the synchronization will be a good enough approximation and we can safely ignore the distortions on the spectral distribution of neutrinos during the process of flavor-mixing and decoupling. In what follows, we will consider this case for simplicity. This approach of course is precise only at the percent level, but such an accuracy is well enough to prove our point.
RESULTS OF NUMERICAL INTEGRATIONS
When the evolution equations of the neutrino density matrices (Eqs. (9) and (10)) is numerically computed, quite often one rescales the momentum mode p by multiplying it by the scale factor a. In a radiationdominated background without any energy injection from other sources to the energy content, the rescaled momentum is a comoving momentum and therefore it is constant throughout the evolution of the universe. However, in matter-dominated universe with an energy injection to radiation background present, the momentum of a neutrino is redshifted as a −3/8 before its decoupling and as a −1 after it. Also, for large neutrino degeneracies, all modes are expected to be highly synchronized. So, we can ignore the deviation of each neutrino flavor's distribution function from thermal one. In this case, a convenient choice for the rescaled momentum is
which is constant during the evolution of the universe across the neutrino decoupling irrespective of the nature of the energy dominating the universe, matter or radiation.
In the numerical integration of Eqs. (9) and (10), the initial condition was set as
and similarly forρ p but with ξ α → −ξ α . We then recasted the evolution equations in terms of the scale factor a and took the single mode approach as in Ref. [17] . For the evolution of the photon temperature Eqs. (4), (5) and (6) were used as an approximation in order to simplify an already complicated calculation. The result of the integration is shown in Fig. 2 where we compare the cases of T R = 100 MeV and 2 MeV for |ξ α | ∼ 1 and 0.1 with T i = 150 MeV. In the figure, one can see that, compared to the case of T R = 100 MeV, a significant change on lepton number asymmetries L αα (diagonal entries) and |L αβ | (off-diagonal entries) for T R = 2 MeV appears. Such drastic change is simply due to the significant energy injection (or entropy release) emanating from the decay of the dominating matter particle. Note that, as long as the neutrinos are decoupled after the reheating is completed, the symmetric components of neutrinos and antineutrinos will provide nearly the same amount of radiation energy to the thermal background as the standard case of radiation domination. That is, it is expected to have
for T R ≥ T dec . On the other hand, ∆N MD eff coming from lepton number asymmetries is obtained as follows with the flavor-mixing effects ignored for simplicity. For 1 MeV T T dec < T R the symmetric component of the energy density of a neutrino flavor ν α is simply given by
However, since lepton number violating process is supposed to be shut down well before the matter domination, the number density of the asymmetric component of a neutrino species scales as a −3 and the corresponding energy density is given by
Hence, from Eqs. (27) and (28) with
and Eq. (6), we find
where the summation is for three neutrino flavors, and the change in the number of relativistic degrees of freedom for 1 MeV T < T i was ignored. Since ∆N
Note also that, even if the constraint for a successful BBN may require |L αα | 10 −2 in a general sense, |L µµ,τ τ | O(1) with |L ee | 10 −2 is perfectly allowed as discussed in Ref. [17] and results in a larger expansion rate at present time [23] .
If T R < T dec , Eqs. (9) and (10) should be handled carefully to take into account the difference between temperatures of neutrinos and photons. In the presence of very large asymmetries in the neutrino background the decoupling of all modes takes place simultaneously, and its distribution can be considered thermal to an excellent approximation. Once decoupled, the energy density of Log neutrinos is redshifted as a −4 while that of photons is redshifted as a −3/2 until T → T R . Hence, one finds that for the photon temperature in the range of 1 MeV
Also,
As a result, the effective number of neutrinos is obtained
and, defining ∆N 
with ξ α, * ≡ ξ α (T * ) and g * (T * ) being the degeneracy parameter of a neutrino species at T * and the number of relativistic degrees of freedom, respectively. From Eqs. (37), (38) and (39), if one requires the upper bound of ∆N MD eff (T ) to be at least comparable to the would-be observed total effective number of neutrinos, N obs eff,tot ∼ 3, the temperature at the onset of matter domination is upper-bounded as
where it was used that, even if T R is close to 1 MeV, T dec 2 MeV for a numerical estimation. This result implies that, when T R < T dec , it is difficult for the asymmetric neutrinos to compensate the energy reduction of the symmetric component of neutrinos unless T R is quite close to T i (i.e., the period of matter-domination is quite short so as for its effect to be negligible). Therefore, practically (i.e., when T i T R ) T R is lower-bounded as Fig. 3 shows N MD eff,sym and ∆N MD eff as functions of x ≡ MeV /T for T R = T dec = 2 MeV as an example. As shown in the figure, even if the net contribution of neutrinos to radiation density is required to be similar to the case of the usual radiation domination, for T R ≥ T dec the asymmetric component of neutrinos does not need to be the major contribution to the neutrino energy density. For the same set of T R and T dec , in Fig. 4 we depicted the required ξ α, * as a function of T i . From the figure, one can see that, if T R is as low as T dec and |L αα | O(10 −2 ) is required, T i is upper-bounded as
It should be noted however that the simultaneous occurrence of extended periods of early matter domination and large asymmetries at reheating time are challenging, as primordial exponentially large asymmetries would need to be generated (however see Ref. [19] as an example of such a case). The upper boundary of the blue region corresponds to |Lαα| = 10 −2 at T < TR, chosen to guarantee the mode-synchronization due to strong self-interactions of neutrinos. The horizontal dashed line corresponds to the possible maximal value of ξ * at T = T * with g * (T * ) = 10.75 for example. Hence, the allowed region of ξ * is the region below the horizontal dashed line but above the boundary of the blue region.
IMPACT ON BBN
We have argued that, when T R T i in a matterdominated universe before BBN, T R is lower-bounded at T dec in order for the symmetric component of neutrino energy density not to be suppressed even though the asymmetric component gets through a large suppres-sion. Even if it can not be the main contribution to the energy density of neutrinos, large enough asymmetries of |L αα | O(10 −2 ) for T ≥ T dec can maintain the thermal distribution of the neutrino spectrum through neutrino self interactions , allowing a right (or large enough) amount of radiation energy density for a successful BBN and a correct matching to CMB data.
CONCLUSIONS
In this paper, we showed that the reheating temperature of a matter-domination era in the early universe can be safely pushed down close to the decoupling temperature of neutrinos T dec ∼ 2 MeV if neutrino-antineutrino asymmetries normalized by the number density of photons are kept large enough, say O(10 −2 ) until up to the neutrinos' decoupling.
It has been known that, in the presence of a matterdomination era close to the BBN epoch, the standard contribution of neutrinos to the radiation background is reduced due to (i) the departure from thermal distribution which is induced by momentum dependent early decoupling of neutrinos and (ii) the late time entropy release emerging from the decay of the dominating matter particle. This triggers two effects: (i) smaller expansion rate for a given photon temperature after reheating and (ii) smaller weak interaction rate caused by the reduced neutrino distribution function. The latter seems dominant, causing the earlier decoupling of weak interactions and an increase of the Helium abundance (Y p ) as an unwanted consequence. Hence, T R is constrained by BBN and CMB (from the constraint on N eff ) to be T R 5 MeV. However, this result does not hold in the presence of lepton number asymmetries sourced by neutrinos. If neutrino asymmetries exist, i.e. if neutrino asymmetries were generated at a very high scale, this picture drastically changes. The key aspect is that, if neutrino asymmetries are quite large such as L αα O(10 −2 ) until up to T dec ∼ 2 MeV, all the modes of the neutrino ensemble in the early universe get synchronized, behaving like a single compound system, and are expected to simultaneously decouple from the electromagnetic thermal bath. In this case the deviation of the neutrino spectrum from a thermal distribution is expected to be negligible. BBN constraint can be still satisfied by keeping the asymmetry of electron-neutrinos small, although this fact would require some tuning of the initial configuration of the neutrino asymmetries.
